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Abstract 
Fe-Mn-Si based alloys exhibit the shape memory effect (SME) through a J(FCC) l H(HCP) stress-induced martensitic 
transformation. Studies carried out with single crystals have shown that the extent of shape recovery depends on the crystal 
orientation: it is nearly absent if the stress acts along the [001] direction and almost perfect when applied in the [414] direction. 
Therefore, certain crystallographic textures in polycrystals may contribute to better shape recovery with less applied stress. On 
the other hand, the texture is a consequence of the thermal and mechanical material processing history. This study analyzes how 
the particular forming process and the consequent texture development affects the amount of stress-induced H martensite in an 
Fe-15Mn-5Si-9Cr-5Ni shape memory alloy. Besides determining the quantity of martensite produced, we measured the critical 
transformation temperatures and analyzed the effect of the manufacturing procedures on the SME properties. 
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1. Introduction 
Fe-Mn-Si based alloys with a high percentage of Mn, characteristically exhibit shape memory behavior and 
mechanical and technological properties superior to other shape memory alloys such as Cu and Ni-Ti based 
materials. Since Sato et al. (1982) discovered SME properties in single crystals of Fe-Mn-Si alloys, numerous 
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investigations have followed, for example Sato et al. (1984, 1986), Otsuka et al. (1990), Watanabe et al. (1993), Gu 
et al.(1994), Kajiwara et al. (1999, 2001), Wang et al.(2001), Baruj et al. (2004), Stanford and Dunne (2006), Wen 
et al. (2010, 2011), Min et al. (2012). The shape memory effect (SME) is due to a reversible J (austenite, FCC) o H 
(martensite, HCP) martensitic transformation that is carried out by the selective movement of a/6 [112] Shockley 
partial dislocations belonging to a single variant, on the {111} planes of the austenite. This is essential because, if 
the 12 equivalent kinds of partial dislocations were activated, the transformation would occur without an appreciable 
shape change. To promote the activation of a preferential variant, the allotropic change must be driven by an external 
stress. Following Otsuka et al. (1990), when process conditions are sufficiently controlled, a subsequent heating to a 
temperature above the Af will cause the HoJ reverse transformation through the original variant. Thus the alloy 
recovers its initial shape. 
For a perfect SME, the austenite must not deform plastically when the stress to induce the martensitic 
transformation is applied. Then, the resolved shear stress (RSS) on the {111}<112> system must be over the 
martensite transformation limit (VJļH) before RSS exceeds the yield stress on the {111}<110> system. In this sense, 
Sato et al. (1984) showed an almost perfect degree of shape recovery in single crystals, when the stress was applied 
in the <441> direction, as a result of the Schmid factor being the highest (0.5) for a single variant of the {111}<112> 
slip system. Therefore, it is reasonable to expect that a suitable texture will improve the SME in polycrystalline 
alloys for industrial applications. In a previous research, Druker et al. (2008) investigated the effect of 
thermomechanical treatments on the texture of an Fe-31Mn-4Si alloy. They found that the shear stresses due to 
friction with the rolls and the roll gap geometry induced a low intensity {111}<110> texture in the surface layers of 
hot-rolled sheets. The favorably oriented grains were the first to be transformed to martensite under the influence of 
a tensile stress applied in the rolling direction.  
Verbeken et al. (2008) showed that quantifying the amount of H martensite is crucial to the evaluation of the 
shape memory behavior of Fe based alloys. In this paper, texture development is investigated in a Fe-15Mn-5Si-9Cr-
5Ni shape memory alloy subjected to different thermal and mechanical processes. The aim is to analyze the 
relationship between the fraction of stress-induced H martensite produced by the previous thermomechanical process 
and the subsequent texture developed in the material. In addition, critical temperatures for the reverse transformation 
are determined and the effect of the manufacturing process on the shape memory properties is analyzed. 
2. Experimental methods 
The Fe-15Mn-5Si-9Cr-5Ni nominal composition alloy was prepared in an induction furnace operating at 10 KHz 
and 30 KW. Commercial raw material was melted in high purity alumina crucibles under a protective argon 
atmosphere and cast into rectangular sand molds, providing a shape suitable for rolling. The ingots were 
homogenized at 1150 °C for 3 hours to eliminate segregation defects. Then, portions of the alloy were subjected to 
the processing methods described in section 3. 
For characterization, samples from each batch were mechanically and electrolytically polished in an 80/20 
solution (vol. %) of acetic /perchloric acid at room temperature and 27 V. Microstructural analyses of the cast 
material and the processed samples were performed using a PME3 Olympus optical microscope (OM) equipped 
with a NIC device. The martensitic transformation was activated in an Instron 3362 universal testing machine with 
different loading fixtures. The reverse transformation was induced in an in house manufactured dilatometer, by 
heating the specimens to 400 °C, which is above the Af temperature. The very thin samples were encapsulated in 
argon and heated to 400ºC for 20 min. Diffractograms and XRD pole figures were determined using Cu-
.Į1.Į2 lines in a Philips X-pert pro MPD goniometer, and the textures were processed with the popLA program. A 
Rietveld method was used to refine the diffractograms using the MAUD (Material Analysis Using Diffraction) 
program, which allows for incorporation of the full texture, or preferred orientation, analysis into the traditional 
refinement. 
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3. Applied processes 
In this study we subjected the original ingot to various mechanical processing procedures.  The as cast condition 
was initially characterized not only as a comparative starting point, but because many researchers, such as Lin et al. 
(2002), machined shape memory parts directly from the cast material. We worked with conventional rolling and 
other methods that have been summarized by Estrin and Vinograd (2013) and have gained great interest due to their 
promising applications in structures. In Table 1 the processes are briefly described and schematically shown. 
Table 1. Applied processes. 
Process Features 
 
Ingot 
 
 
Dimensions: 10 x 35 x 180 mm; controlled solidification to avoid the formation of 
internal voids. 
 
 
Conventional  
rolling 
 
 
10% rolling reduction per pass 
Stage 1: rolled at 1000ºC (temperature of the furnace), reduction from 10 to 1.95 mm 
in successive passes. 
Stage 2: rolled at 800ºC, to 1 mm final thickness. 
Annealed at 650ºC for 30 min. 
 
 
 
Asymmetric 
rolling 
 
 
 
 
 
 
Rapid 
solidification 
 
 
 
 
 
 
 
 
ECAP  
(Equal-channel  
angular pressing) 
 
 
 
Stage 1: rolled at 1000ºC, 10% reduction per pass, from 10 to 5.4 mm in thickness 
Stage 2: 0.05 mm reduction per pass to 3.19 mm for maximization of the shear 
stresses.   
Annealed at 650ºC for 30 min. 
The outer layers affected by the rolls surface roughness, designed to prevent slippage, 
were removed by mechanical and electrolytic polishing. 
 
 
 
 
Ribbons 0.08 mm thick and 10 mm wide were obtained by Planar Flow Casting. 
The ingot was cut into small pieces that were induction-coil melted in a quartz crucible 
and ejected onto a Cu-(Co, Be) rotating substrate wheel using 200 mbar of argon 
pressure. Nozzle slit: 0.2 mm; surface wheel speed: 12 m/s; melt temperature: 1459ºC.   
 
 
 
 
 
Severe shear severe deformation applied to a 7 x 7 mm2 section bar that passes through 
two joined channels separated by an angle of 120°. Deformation occurred in one pass 
at a speed of 5 mm/min and a temperature of 250ºC. The maximum applied load was 
40 kN.  
Samples of the deformed material were heat treated at 800, 900 y 1000ºC. 
 
 
4.  Results and discussion 
4.1. Texture analyses 
The textures of the ingot and processed materials were obtained from the pole figures measured by X-ray 
diffraction using Schultz’s method. In Figure 1, the {111}, {100} and {110} pole figures of the austenitic phase and 
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intensity scales are shown. RD, ED and LD indicate the rolling direction of the sheet, the extrusion direction in the 
ECAP sample, and the longitudinal direction in the ribbons, respectively. 
A: The raw material, an ingot solidified in a sand mold, shows no texture. The pole figures show a distribution of 
quasi-random crystallographic orientations (the sector colored in figure 220 should be considered an "artifact", 
probably as a consequence of the large grain size characteristic of the casting process). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Textures obtained for the different processes. 
B: During rolling, the sheets were in the austenitic state, and typical FCC slip systems are activated. The texture 
is similar to the so-called brass texture with a very weak {110}<112> maximum. 
C: The asymmetric rolling generated shear deformation due to the velocity gradient through the sheet thickness. 
This processing developed a shear texture with a {100} <110> maximum. 
D: The pole figure from the rapid solidified ribbon showed a weak but well developed texture with grains 
preferentially oriented in the <100> direction parallel to ribbon’s normal direction 
E: The severe deformation produced in the ECAP die gave the strongest material texture. It was the typical {100} 
<110> shear texture. 
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Texture strengths are weak for all processing routes. Druker et al. (2008) suggested that this is a characteristic of 
the alloy. Because of its low stacking fault energy the material twins during plastic deformation, which could 
influence the developed crystallographic orientations. 
4.2. Fraction of H martensite 
To induce the martensitic transformation, we deformed samples from each batch, using methods and devices 
consistent with the shape and dimensions of the specimens. Rolled sheets and ribbons were evaluated by tensile 
testing and ECAP samples, approximately prismatic, were compressed. Specimens from asymmetric rolling were 
obtained from the trailing end of the sheet, where the more intense shear texture was found. These samples were 
subjected to plane strain deformation using the device shown in Fig. 2. 
The amount of permanent deformation was approximately 3%, as indicated in Table 2. 
Shape changes are, at least partially, due to the formation of the stress induced H martensite. The volume fractions 
were determined by the refinement of the diffractograms shown in Fig. 3 using the MAUD program, which 
simultaneously approximately calculates the austenitic matrix texture. The calculated values are shown in Table 2. 
The optical microscopy image presented in Fig. 4 shows the microstructure of the ECAP sample after annealing at 
800ºC. The most prominent featured observed are the H martensite plates belonging to the main variant that was 
activated in the most favorably oriented grains. 
 
 
 
Fig. 2. Device for plane strain testing. 
        Fig. 3. Diffractograms measured for different deformation processes. 
 
The severe deformation introduced by ECAP provides the strongest shear texture, which results in the most 
favorable condition for activating the martensitic transformation, among all cases. However, the transformed volume 
fraction is very low, only 20 %. This is somewhat surprising if one considers that this martensite is not only induced 
during the ECAP process but augmented by 3.2% compression. This apparent inconsistence may be due to the  
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Table 2 – Remnant applied deformation, volume fraction of H martensite and critical temperatures for the different processes given to the alloy.  
Process Deformation, [%] Fraction of H martensite, [%] As (°C) Af (°C) 
Ingot 2,7 16 111 271 
Conventional rolling 3,0 15 110 370 
Asymmetric rolling 3,2 20 80 370 
Rapid solidification 3,5 5 -- -- 
ECAP 
ECAP + annealed at 800ºC 
ECAP + annealed at 900ºC 
ECAP + annealed at 1000ºC 
3,2 
3,8 
3,8 
3,8 
20 
12 
7 
20 
70 
150 
153 
165 
370 
           345 
 360 
 320 
 
microstructural defects introduced by the severe deformation. When the dislocation density is very high, the 
formation and motion of partial dislocations is obstructed, affecting the growth of the H plates. 
The samples from the ribbons and ECAP bar that were annealed at 900 °C contained the lowest volume fractions 
of stress induced H martensite, among the cases studied. This may partly be linked to the reduced grain size in these 
samples, developed during processing. In a previous work, Druker et al. (2012) measured grain sizes between 4 and 
6 Pm in the rapid solidified ribbons. In addition, annealing the ECAP samples activated recrystallization of highly 
deformed grains; TEM characterization of these samples, which will be detailed elsewhere, revealed the presence of 
very small grains (nuclei) growing in the grain boundaries. Kajiwara (1986) demonstrated that microstructures of 
refined grains may hinder the JoH transformation, beyond the effects of crystallographic orientation with respect to 
the loading axis.  
Samples from the shear textured materials (asymmetrical rolling and ECAP without later treatments), those 
favoring the martensitic transformation, showed the highest transformed volume fractions (i.e. a20%) for the same 
equivalent deformation. The low fraction of martensite obtained in ECAP samples annealed at 800 and 900 ºC, 12 
and 7% respectively, can be attributed to effects of the remnants of the deformation microstructure, as described 
above. In contrast, again a 20% volume fraction of H martensite was obtained in the ECAP deformed sample 
annealed at 1000 °C, when the whole deformation microstructure has been erased, including small grain size. 
Moreover, in this case, the heat treatment could virtually dissociate dislocations and induce grain growth, favoring 
further martensitic transformation. 
 
 
 
Fig. 4. OM image of the microstructure of the sample deformed 
by ECAP and annealed at 800ºC. 
Fig. 5. Determination of the critical temperatures 
by dilatometry. 
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4.3. Critical temperatures 
The reverse transformation is activated by heating the samples in a dilatometer. Fig. 5 shows the obtained curves 
and the graphical procedure to determine critical temperatures for the beginning and end of the reverse HoJ 
transformation, As and Af respectively. The values obtained for all cases, except for the very thin ribbons whose 
geometry precludes dilatometric measurements, are given in Table 2. The starting temperature of martensite 
transformation, Ms, could not be determined during cooling because the associated inflection in the curve is not well 
marked. Similar results were shown by Gu et al. in 1996. 
The start of the reverse transformation As appears to be more affected by the elaboration process and the 
condition of the microstructure, while the Af temperature, where the reverse transformation is complete, is much 
less affected, with values ranging between 340 °C and 370 °C. It is also worth noting that the As values are lower in 
samples highly deformed (70 °C and 80 °C for asymmetric rolling and ECAE processed specimens respectively). 
This phenomenon could be ascribed to martensite nuclei retained by local stress field surrounding dislocation 
tangles in the matrix. Such nuclei and small plates of martensite phase promote the martensitic transformation to 
begin at lower temperatures since no nucleation stage takes place for such retained martensite. The hysteresis Af-As 
is indeed wide since in the growing step the plates must overcome the obstacles present in a heavily deformed 
matrix, although the nucleation process is easier. 
 
5. Conclusions 
This work reports on different procedures for obtaining and processing ferrous shape memory alloys, the texture 
developed in these alloys and how texture affects the martensite transformation. The material was not optimized to 
maximize the shape memory effect, but the volume fraction of induced martensite resulting from the microstructures 
and textures produced by the different processes was evaluated. 
We reached the following conclusions: 
1- When the alloy is subjected to asymmetric rolling or ECAP, a low intensity {100}<110> shear texture 
develops. 
2- In these cases, the material favors activation of the martensitic transformation, and larger volume fractions of H 
martensite are obtained. 
3- The transformation is severely limited by a reduced grain size and a microstructure characteristic of highly 
deformed materials.  
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